The strict operational condition of driving motors for vehicles propels the development of more complicated configurations in pure electric vehicles (PEVs). Multi-power-source powertrain configurations are one of the efficient technologies to reduce the manufacturing difficulty of driving motors. However, most of the existing studies are predominantly focused on optimal designs of powertrains and power distribution between the engine and motor of hybrid electric vehicles, which are not appropriate for PEVs. This paper proposes a novel dual-motor coupling-propulsion powertrain system that improves the dynamic and economic performance of the powertrain system in PEVs. The proposed powertrain system can realize both the single-motor driving mode and dual-motor coupling driving mode. The driving modes are divided and a power distribution strategy for the different driving modes based on an optimal system efficiency rule is employed, which enhances the performance of the proposed system. Further, a mode-switching strategy that ensures driving comfort by preventing jerk during mode switching is incorporated into the system. The results of comparative evaluations that were conducted using a dual-motor electric vehicle model implemented in MATLAB/Simulink, indicate that the mileage and dynamic performance of the proposed powertrain system are significantly better than those of the traditional single-motor powertrain system.
Introduction
The environmental degradation and greenhouse effect that is caused by the burning of non-renewable fossil fuels are detrimental to both society and sustainable development. Nevertheless, the transportation system currently depends substantially on fossil fuels [1] . Low-emission pure electric vehicles are among the most effective technologies to alleviate such dependency and promote further developments of green transportation [2] . The design of the powertrain structure and the drive control strategy of pure electric vehicles (PEVs) are important for high economic, dynamic, and ride comfort performances [3] .
There are two types of powertrains for PEVs: single-power-source powertrain and multi-power-source powertrain. The former type is simple but it relies heavily on high-performance motors, which interferes with the balance between the dynamics and the economy of electric vehicles [4] . The latter type can be further classified into motor distributed powertrain system and motor coupling powertrain system. Motor By controlling the operation of the motor, brake, and clutch, this system achieves four driving modes. The operational status of components in each driving mode is presented in Table 1 .
The basic parameters and performance indicators of a PEV equipped with NDMPS are presented in Table 2 (based on the National Standard GB/T 28382-2012). The parameters of the powertrain system and the traction battery are matched based on the performance indicators in Table 2 and the results are listed in Table 3 . 
Driving Mode Division and Power Distribution
The economic performance of a vehicle is directly related to its operational efficiency. Therefore, it is important to divide the work areas of each driving mode on the basis of the optimal system efficiency rule.
Efficiency and Dynamics Model for the Powertrain System
The efficiency of the powertrain system η sys is modelled as follows:
where P out and P in are the output power and input power of the powertrain system, respectively. The term F r represents all the vehicle loads, including the rolling resistance force, the aerodynamic drag force, the gravity force on graded road, and accelerating resistance force. u represents the vehicle speed. T m1 and T m2 are the torque of MG1 and MG2, respectively. ω m1 and ω m2 are the rotational speed of MG1 and MG2, respectively. η m1 and η m2 are the efficiency of MG1 and MG2. η bat , η inv , η gear , η p are the efficiency of the battery pack, inverter, transmission gear, and planetary gear, respectively. In addition to the driving conditions of the PEV, the efficiency of the powertrain system is also related to the efficiency of the driving motors, charge-discharge efficiency of the battery, conversion efficiency of inverters, the transmission efficiency of planetary gear, and the output power of the motors. The efficiency models of the motors and battery are obtained from experimental data. These data are processed to be look up tables for model simulation. Therefore, it is necessary to investigate the output power of the motors in each driving mode.
System Dynamics in M1 and M2
The system dynamics of M1 and M2 can be modelled as Equations (2) and (3), respectively. The output power is determined by the requirement of the wheel rotational speed ω r and the required wheel torque T r : (
where I r , I m1 , and I m2 are the moment of inertia of the wheels, MG1, and MG2, respectively. η 0 , η 1 , and η 2 are the transmission efficiency of the final gear, gear1, and gear2, respectively. The meanings of i 0 , i 1 , i 2 , k are reported in Table 3 .
System Dynamics in M3
How to distribute the required torque T r to two motors is a key question in calculating the motor working points and the optimal efficiency of the powertrain system in M3. The system dynamics are modelled as follows:
In Equation (4), ω o is the rotational speed of the final gear. The rotational speeds of the motors, ω m1 and ω m2 , are proportional to the required rotational speed ω r . The output torques of the motors, T m1 and T m2 , are coupled with the required wheel torque T r , which can be regulated within certain ranges. At this point, the rotational speed of MG1 and MG2 can be calculated from the vehicle velocity, and the torque of MG1 and MG2 for the optimal system efficiency can be determined by an ergodic process [26] , as shown in Figure 2 where the initial value of the current maximum system efficiency is assumed to be zero. The minimum and maximum output torque of these motors can be determined from the external characteristic curve of the motors. 
System Dynamics in M4
The system dynamics in M4 are modelled as Equation (5). In the speed coupling mode, the output torques of the motors T m1 and T m2 are proportional to the required vehicle torque T r . The rotational speeds of the motors ω m1 and ω m2 are coupled with the required rotational speed ω r , which can be regulated within certain ranges. The characteristic of the powertrain system in M4 is similar to that in M3. Thus, the power distribution calculation process for the motors in M3 can be applied to those in M4 ( Figure 2 ).
Analysis of Driving Mode Division
Following the establishment of the motor power model in different driving modes, the system efficiency maps and mode distribution results, can be calculated and then illustrated in Figure 3 . Figure 3a shows the system efficiency maps for different driving modes under various driving conditions. These system efficiency maps are projected onto the speed-acceleration coordinate plane. For a given point on the vehicle speed-acceleration plane, the driving mode with the maximum system efficiency is selected as the optimal mode. The maximum efficiency η opt is calculated using Equations (6) and (7). Then, the operating boundary of the four modes of NDMPS is obtained, as shown in Figure 3b .
where η sys_M1 , η sys_M2 , η sys_M3 , η sys_M4 , are the system efficiency of M1, M2, M3, and M4, respectively. ω m1_max and ω m2_max are the maximum rotational speed of MG1 and MG2 respectively. SOC represents the state of charge of battery pack and SOC min is the minimum value of discharge depth. P bat is the battery power and P bat_max is the peak battery power. To improve the operating efficiency of the system controller, the results of the mode division is pre-calculated. Figure 4 shows the simplified mode boundary curve. The result is stored in the controller and used as the threshold value of the mode switch. Based on the above-mentioned mode division logic, a reasonable working mode with optimal efficiency is selected in terms of the velocity and the acceleration of the vehicle; the acceleration is calculated using the required torque of the vehicle.
Power Distribution for Motors
In the single-motor driving modes, the motor power is directly determined by the required speed and torque of the vehicle. In dual-motor torque coupling driving mode and speed coupling driving mode, the motor power can be regulated within certain ranges. Figure 5 shows the reference torque and the speed of two motors under a given vehicle speed and acceleration, where the driving mode is obtained by referring to Figure 4 . The motor torque in M3 and the motor speed in M4 with maximum system efficiency can be calculated by referring to Figure 2 . The energy recovery performance of the motors is also considered in this strategy. The vehicle controller can determine the required torques of MG1 and MG2 based on the real-time vehicle speed and acceleration. This power distribution strategy can ensure optimal system efficiency and it satisfies the dynamic requirements of vehicles. 
Mode-Switch Control Strategy
This section presents the mode-switch control strategy, which not only has no power interruption during mode switching, but also guarantees smooth transition. The switching process between M1 and M4 is relatively complicated and representative because it includes the switching processes of other modes. Therefore, the switching process between M1 and M4 is investigated and presented in Table 4 .
Referring to Table 1 and Figure 1 , the switching process presented in Table 4 enables the vehicle to switch between M1 and M4. During mode switching, the speed and torque of MG1 and MG2 are adjusted to meet the dynamic requirement of the vehicle without power interruption, which benefit from the introduction of the speed coupling mode and the torque coupling mode. However, the speed and torque of these motors need to increase or decrease in limited time in coupling modes during switching, which can be detrimental to the driving comfort. Table 4 . Switching process between single motor 1 drive (M1) and M4.
Switch
Step Process
M1-to-M4
M1 This paper proposes the vehicle longitudinal jerk to estimate the vehicle ride performance. The jerk intensity j is defined as the time derivative of acceleration (α), which must meet the national standard (the Chinese standard is 17 m/s 3 and the European Union standard is 10 m/s 3 ) [27] . The jerk intensity of M3 and M4 are modelled as Equations (8) and (9), respectively:
where A = (k + 1)·i 0 ·i 2 . Referring to Equations (8) and (9), the time derivative of the torque of MG1 and MG2 can be used to limit the jerk intensity during switch to satisfy the European Union standard.
Simulation Results and Discussion

Simulation Model
A simulation model for a PEV equipped with NDMPS was implemented in MATLAB/Simulink (R2014a), as shown in Figure 6 . The simulation model includes a driving cycle module, driver module, required torque calculation module, vehicle driving control module, NDMPS module, and whole vehicle module. The control of the vehicle was implemented through real-time information transfer and cooperative operation of each module. 
Simulation and Verification of Mode Division Strategy.
To verify the validity of the mode division strategy, model simulation was conducted in rapid acceleration conditions and the Worldwide Harmonised Light Vehicle Test Procedure (WLTP). The results are shown in Figure 7 . As shown in Figure 7 , the actual vehicle speed tracks the reference speed very well, which indicates that the proposed control strategy can meet the requirement of vehicle dynamic performance. Figure 7a simulates the typical large acceleration process of vehicles, which included the switch of the four modes. The vehicle starts normally and accelerates rapidly to a certain velocity. Then, the acceleration pedal is released and the vehicle slowly accelerates to a relatively high speed. Accordingly, the simulation result shows that the vehicle starts with M2, and then switches to M1 and M3. Then, when the vehicle reaches a certain speed, it switches to M4. Figure 7b shows that the mode distribution and division logic can select and switch modes reasonably in the WLTP drive cycle.
The simulation results in Figure 7 verify the validity of the mode division strategy that is proposed in this paper. Figure 7 indicates that the vehicle selects a reasonable driving mode to compensate the change in driving conditions. The vehicle tends to start at M2, and operates in M4 on reaching a certain speed. In the low-speed high-torque-requirement condition, for example, in the vehicle launch stage, M3 is often selected. These results are congruent with the original design objective of the NDMPS.
Simulation for Mode-Switch Control Strategy
The MATLAB/Simulink simulation platform and the Sim Drivelines module were used to implement a multi-field physical model to verify the validity of the mode-switch control strategy. The switching process between M1 and M4 was simulated to verify the mode-switch control strategy and the results are shown in Figure 8 , where n m1 and n m2 are the speed of MG1 and MG2, respectively. As shown in Figure 8a , 0.65 s is expended in switching from M1 to M4. The system initially operates in M1 and receives a signal to carry out a mode switch at 10.95 s. (1) From 10.95 s to 11.05 s, MG2 is started and accelerated until its speed reaches ω r ·i 0 ·i 2 ·(k + 1); (2) From 11.05 s to 11.1 s, C3 is engaged after the clutch driving disc and the driven disc are synchronized; (3) From 11.1 s to 11.2 s, the torque of MG1 falls to zero and the torque of MG2 increases to T r /i 0 /i 2 /(k + 1); (4) From 11.2 s to 11.25 s, C2 is disengaged and MG1 is stopped; (5) From 11.25 s to 11.35 s, C1 is engaged directly and the torque of MG1 increases to kT m2 , equalising the torques on both sides of B1; (6) From 11.35 s to 11.6 s, B1 is released and the speed of MG1 and MG2 could be regulated within certain ranges. Finally, the system operates in M4.
In Figure 8a , the system controlled the actuators according to the established process during the switch from M1 to M4. There was no power interruption and the maximum jerk intensity during switching was 4.83 m/s 3 , and this value is smaller than the limit value of 10 m/s 3 .
As shown in Figure 8b , 0.7 s was expended in switching from M4 to M1. The system initially operates in M4 and received a signal to carry out a mode switch at 14.4 s. (1) From 14.4 s to 14.6 s, the speed of MG1 fall to zero, and the speed of MG2 increases to ω r ·i 0 ·i 2 ·(k + 1); (2) From 14.6 s to 14.7 s, B1 is engaged, the torque of MG1 decreased to zero, and C1 is disengaged; (3) From 14.7 s to 14.8 s, the speed of MG1 increases to ω r ·i 0 ·i 1 , in preparation for the engagement of C2. (4) From 14.8 s to 14.9 s, C2 is engaged after the driving plate and the driven plate were synchronized; (5) From 14.9 s to 15 s, the torque of MG2 decreased to zero and the torque of MG1 increased to T r /i 1 /i 0 ; (6) From 15 s to 15.1 s, C3 is disengaged, MG2 stopped driving, and its speed decreased to zero. Finally, the system operated in M1. Figure 8b shows that the system controlled the actuators according to the established process during the switch from M4 to M1. There is no power interruption and the maximum jerk during switching is 6.36 m/s 3 , which is also smaller than the limit value of 10 m/s 3 .
Overall, the simulation results of the switching processes between M1 and M4 show that thFigur mode-switch strategy that is proposed in this paper is valid. This strategy controls the torque and the speed of motors during switching, which not only has no power interruption but also ensures operational smoothness.
Comparative Simulation for PEVs
To verify the superior performance of NDMPS, we compared it to a single-motor drive powertrain system (SMPS) that was designed in the study, having a two-speed transmission. The performance indicators of the SMPS were the same as those presented in Table 2 for NDMPS. Its basic parameters are shown in Table 5 . The energy management strategy of the SMPS is also based on optimal system efficiency. Figure 9 shows the dynamic performance of both the SMPS and NDMPS. As shown in Figure 9a , the SMPS and NDMPS have similar maximum torques under each vehicle speed. This similar external characteristic indicates that the parameters of the SMPS are well matched. Figure 9b presents the acceleration time of both powertrain systems. It shows that NDMPS has a better acceleration performance than the SMPS during vehicle launch. The details of the dynamic performance of both systems are presented in Table 6 . The economic performance of a PEV, respectively, equipped with NDMPS and SMPS, was also analysed. The results are presented in Figure 10 and Table 7 . In the mileage simulation, the initial value of SOC of battery pack is 0.9 and the simulation stops when the SOC drops to 0.3. As shown in Figure 10 and Table 7 , NDMPS has better economic performance than that of SMPS. In Figure 10 , the battery SOC of NDMPS tends to drop slower than the SMPS. This is because the NDMPS have larger high system efficiency region than SMPS. Therefore, for giving vehicle speed and acceleration, the required power of battery for NDMPS is prone to be smaller. The mileages in the cruising condition and the different driving cycles (Table 7) show various degrees of improvement. Specifically, the mileage at 60 km/h cruising for NDMPS is 3.35% higher than that of SMPS and the maximum increment percentage for mileage among WLTP, 1015, and FTP75 (the EPA Federal Test Procedure) is 11.1%. This also indicates the potential energy-saving capability of NDMPS.
Conclusions
In this study, a novel dual-motor coupling-propulsion powertrain system (NDMPS) was proposed and simulated. The proposed NDMPS can realize four driving modes: single motor 1 drive, single motor 2 drive, two motor torque coupling drive, and two motor speed coupling drive. The operational characteristics of each driving mode of NDMPS were subsequently analysed, and, based on the optimal system efficiency rule, the working point of each mode was identified. Mode division and motor power distribution strategies were designed. A mode-switch control strategy that reduces jerk during mode switching by controlling the torque variation rate of the motors, thereby ensuring driving comfort during mode switching, was also proposed. The vehicle model simulation results verify the reliability and the validity of the mode division strategy and smoothness during mode switching. Further, a comparison of the simulation results of a single-motor drive PEV to that of the proposed dual-motor drive PEV shows that the acceleration time for 0-50 km/h of the dual-motor PEV is 5.43% lower than that of the single-motor PEV. In addition, the energy efficiency of the dual-motor PEV in the constant-speed cruising condition, WLTP, 1015, and FTP75 drive cycle showed improvements of 3.55%, 8.56%, 11.1%, and 5.35%, respectively. These results demonstrate the superior dynamic performances and energy-saving capability of the proposed NDMPS.
